Abstract-
The Impact of Technology Scaling on the Single-Event Transient Response of SiGe HBTs
I. INTRODUCTION
T HE need for affordable, high-performance electronic systems within RF/mixed-signal applications has driven significant research and innovation in the semiconductor industry. In particular, silicon-based technologies have witnessed continuous levels of advancement in order to boost performance and maintain strong economies of scale, with current CMOS technologies at the 14-nm lithographic node and 10-nm technologies on the horizon [1] . While alternative semiconductor platforms, such as gallium arsenide (GaAs), gallium nitride (GaN), and indium phosphide (InP), provide significant advantages for specific applications, silicon is still the preferred platform due its low cost, high reliability, and ease of manufacturing. For over fifty years, technological developments on bulk silicon platforms have followed the exponential growth pattern predicted by Intel co-founder Gordon Moore in 1965 [2] , driving remarkable feats in digital storage and communications. However, lateral shrinking of silicon technologies is approaching a physical limit and many "vanilla" silicon processes are unable to provide the performance necessary for high-speed digital and RF communication systems. In addition to these application-driven design constraints, bulk silicon bipolar junction transistors (Si BJTs) experience performance degradation at low and high temperatures due to low emitterbase injection efficiency and thermal runaway, respectively. Luckily, silicon-based bandgap engineering can provide a way to combine III-V performance with the yield and cost advantages of bulk silicon into an ideal platform for widetemperature, radiation-intense environments [3] .
The introduction of germanium into the silicon lattice lowers the effective bandgap of the material (now a SiGe alloy), which in turn reduces the potential barrier seen by electrons in the emitter and boosts carrier injection into the base. Bandgap engineering within the silicon-germanium heterojunction bipolar transistor (SiGe HBT) effectively decouples the base profile design from the current gain (β). By highly doping the base and modulating the Ge concentration across the neutral base 0018-9499 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
width, the dynamic performance (i.e., unity-gain cutoff frequency ( f T ) and maximum oscillation frequency ( f M AX )) can be dramatically enhanced, pushing the viable performance of these devices into system applications originally restricted to III-V-based platforms. Therefore, these SiGe-based technologies overcome the fundamental performance trade-off present in Si BJTs (i.e., the trade-off between current gain, Early voltage, and high-frequency performance). The Ge-induced dc and ac enhancements are thermally-activated and exhibit exponential improvements at reduced ambient temperatures (down to the mK range) [4] . These unique characteristics make SiGe HBTs ideally suited for circuits and systems within an extreme environment context. While the total ionizing dose (TID) and single-event response of bulk SiGe HBTs have been extensively addressed in previous investigations [5] - [11] , the impact of technology scaling (i.e., changes to lithographic dimensions, doping concentrations, Ge profiles, etc.) on the overall transient response of these devices is still poorly understood. Furthermore, with technology scaling, modern SiGe platforms incorporate novel device topologies and modified processing steps, and it is thus pertinent to understand how these process-induced changes will affect single-event effect (SEE) sensitivity. Therefore, the present investigation has three major goals: 1) to characterize the transient response of SiGe HBTs across multiple technology generations, 2) to assess current radiation modeling techniques with respect to technology scaling and device biasing, and 3) to determine the primary factors affecting SEE within these devices and provide possible trends for future SiGe BiCMOS technologies. These results show that SiGe technology scaling may have a strong impact on the radiationinduced transient response of SiGe HBTs, with future SiGe technology generations potentially exhibiting increased sensitivities.
II. EXPERIMENTAL DETAILS
In order to investigate the potential impact of technology scaling on SEE, single SiGe HBT test structures were designed and packaged for transient analysis. Three distinct generations of GlobalFoundries' (formerly IBM Microelectronics) SiGe BiCMOS processes (IBM 5AM (0.5 μm), 8HP (0.12 μm), 9HP (0.09 μm)) were selected for characterization, since these platforms capture a majority of the novel process strategies developed between early, first-generation and current, fourthgeneration SiGe BiCMOS technologies [12] - [14] . The emitter length for all three devices was fixed at 1 μm to minimize layout differences and simplify the post-measurement analyses. Relevant device parameters for these three platforms are shown in Table I , highlighting the key performance improvements between SiGe generations. In addition to the large lithographic (lateral) scaling differences between these devices, changes in the vertical profile and device architecture (i.e., doping concentrations, Ge profiles, extrinsic regions, metallization, etc.) have strong impact on dc and ac performance (e.g., breakdown voltage (BV C E O and BV C B O ), unity-gain cutoff frequency ( f T ), and maximum oscillation frequency ( f M AX )).
Laser-induced transients were measured at the Naval Research Laboratory (NRL) using carrier injection by Once a maximum output transient was achieved, 2-D raster scans were performed at a constant z-value. Voltage sweeps, on the other hand, were performed at a fixed x-y-z position, corresponding to the maximum output transient (i.e., worst case). The x-y-z translation platform has a position resolution of 0.1 μm, and all 2-D raster measurements were collected with a step size of 0.2 μm. The laser pulse energy for all TPA measurements was 1.08 nJ, unless otherwise noted.
To extend this transient analysis to the circuit level, two 16-bit digital shift registers utilizing a standard master/slave architecture were designed using either the 5AM (first generation) or 9HP (fourth generation) SiGe BiCMOS process. Both shift registers utilized a 300 mV input-output swing and incorporated an RHBD gated-feedback cell (GFC) clock tree to decouple clock-derived multiple bit upsets (MBUs) from the overall circuit-level SEE response. The shift registers were die-attached, wirebonded onto custom-designed high-frequency test boards, and taken to Lawrence Berkeley National Laboratory's BASE facility for SEE characterization. The 5AM shift register was irradiated using a 16 MeV/amu heavy-ion cocktail across multiple linear energy transfers (LETs). The 9HP shift register was irradiated in a subsequent experiment using the 10 MeV/amu heavy-ion cocktail in order to provide data for LETs >50 MeV-cm 2 /mg. All test packages were monitored in-beam with an Anritsu MP1764 BERT analyzer, utilizing a 127-bit pseudo-random pattern generator and error detector. The current densities within each shift register were selected to provide the fastest switching speeds (i.e., current density near peak f T ). All comparisons are done at a data rate of 1 Gbps, unless otherwise noted. Previous work has shown that any measurement uncertainty arising from the use of multiple cocktails is minimal, since the 3-D track structures for both low and high-energy ions are similar, except for outer regions where the charge densities are low [16] . Therefore, the use of two ion cocktails for bit-error-rate (BER) comparisons should not raise any concerns.
III. EXPERIMENTAL RESULTS

A. Pulsed-Laser Two-Photon Absorption Testing
2-D raster scans detailing the laser-induced output (collector) transient peaks for all three SiGe HBTs are shown in Fig. 1 under a forward-active (FA) bias (i.e., emitter-base junction forward-biased, collector-base junction reverse-biased). This mode of operation was selected for SEE analysis since it maximizes dc and ac performance due to the asymmetricallydoped vertical doping profile and Ge grading across the SiGe base. All devices were biased to a steady-state collector current density near peak-f T , a relevant operating regime commonly encountered in many high-performance RF and bipolar logic applications. The minimum and maximum color map extrema have been matched to improve subsequent device-to-device comparisons.
From Fig. 1 , all devices exhibit an extended sensitive area outside of the intrinsic device volume, where charge sharing (diffusion) between the p-doped bulk substrate and N + -doped subcollector dominate the SEE response. The collector transient peaks in this region (≈ 0.15-0.25 mA) are nearly identical for all three devices since the substrate and subcollector doping concentrations are similar across all three technologies. However, a distinct difference can be seen for the intrinsic device volume region. The first-generation SiGe HBT (5AM) exhibits a larger sensitive area compared to third-generation (8HP) and fourth-generation (9HP) devices due to the increased lateral dimensions of the intrinsic and extrinsic regions. By comparing the regions corresponding to the SiGe HBT material stack (emitter/base/collector) between 5AM (Fig. 1a) , 8HP (Fig. 1b) , 9HP (Fig. 1c) , the peak transient magnitude is shown to increase with technology scaling. The peak transient magnitude for 5AM, 8HP, and 9HP devices were 1.57 mA, 1.85 mA, and 2.85 mA respectively. By integrating the current transient waveforms with respect to time, 2-D maps detailing the collected charge across device area are obtained, as shown in Fig. 2a through Fig. 2c . These results indicate a clear trend where newer, highly-scaled SiGe generations are more effectively collecting radiation-induced charge carriers. The peak collected charge at the collector terminal was 0.67 pC for the 5AM HBT, 1.77 pC for the 8HP HBT, and 2.45 pC for the 9HP HBT. Therefore, the 9HP device is collecting approximately 39% and 264% more charge than 8HP and 5AM, respectively. These observations suggest that scaling-induced changes, such as doping concentrations and Ge content, may actually degrade the SEE response of current and future SiGe BiCMOS technologies. This result is clearly of significance to the radiation effects community, particularly for space-borne applications.
While the previous raster scans suggest technology scaling may degrade the SEE response in SiGe BiCMOS platforms, it is pertinent to analyze the temporal signatures of these transient signals in order to ascertain the specific mechanisms driving this observed increase in collected charge. The timedomain transient waveforms for the three SiGe platforms are shown in Fig. 3 . The x-and y-axes for all three sub-plots have been matched to facilitate comparisons between technologies. The 5AM SiGe HBT displays a narrow, low-magnitude pulse between the collector, base and emitter terminals, where a significant majority of the transient duration is driven by the diffusion between the collector and substrate terminals. The 8HP device, however, exhibits an increased peak transient magnitude, wider pulse width (FWHM), and a large diffusion component between the collector and emitter terminals. This increased emitter-to-collector transport mechanism now dominates the transient duration and collected charge for the device. This effect is enhanced even further in the 9HP HBT, which has the largest peak transient magnitude, pulse width, and duration across all measured technologies.
To provide a better view of the various terminal currents within the 9HP device, the transient waveforms in Fig. 3 are re-plotted on a logarithmic x-axis in Fig. 4 . The short-duration transient peaks visible on the collector, base, and emitter terminals are attributed to drift-dominated carrier transport within the SiGe volume immediately after the ion strike. While carrier diffusion is present across the collector/substrate junction, the dominant transient mechanism is the enhanced carrier diffusion between the collector and emitter terminals. By integrating these waveforms across multiple functional biases (forward-active: sweep V B E , V C B held constant), the dependence of collected charge on device bias is obtained, as shown in Fig. 5 . The collected charge across all terminals remains relatively constant as the base-emitter junction is forward-biased until approximately V B E = 0.70 V , where a sharp increase in collected charge is seen for the emitter and collector terminals. These transient signatures are in agreement with previous 2-D raster scans, and establish the presence of a novel collector-emitter diffusive component, which accounts for the majority of collected charge in modern SiGe HBTs under forward-active bias. These observations are of concern for high-performance circuit applications where devices are commonly operated at current densities near peak-f T . However, the biasing dependency seen in Fig. 5 suggests the SEE degradation in modern SiGe HBTs is minimized at reduced biases. Therefore, certain applications where the SiGe HBTs can operate at low current densities and still provide sufficient performance (e.g., low-power or cryogenic applications) may not be severely impacted.
B. Heavy-Ion Broad-Beam Testing
The measured 1 Gbps bit-error rate (BER) cross-sections for the 5AM and 9HP-based 16-bit shift registers are shown in the upper plot of Fig. 6 . While the 5AM digital structures exhibited a higher saturated cross-section, it is important to note that these broad-beam signatures do not take into account the large layout differences between the two circuits. As indicated in Table I , the 9HP SiGe HBT exhibits a lower breakdown voltage due to the elevated doping (and electric fields) present at the base-collector junction. Therefore, the 9HP shift register utilized additional diode-connected HBTs in its master-slave architecture to level shift the dynamic voltage biases and avoid breakdown concerns. Furthermore, lithographic differences between the two technologies must be taken into account. Modified error cross-sections were calculated by normalizing the broad-beam data to the total sensitive device area defined by the circuit layout. The 5AM M/S shift register utilized 305 SiGe HBTs with a total emitter area (i.e., all D-flip-flops, clock buffers, and input/output data buffers) of 3.4955 × 10 −10 μm 2 (3.4955 × 10 −18 cm 2 ). The 9HP design, on the other hand, utilized 324 SiGe HBTs with a total emitter area of 3.4×10 −11 μm 2 (3.4×10 −19 cm 2 ). In other words, the sensitive area for the 9HP shift register was approximately one order of magnitude smaller than the 5AM design. By dividing the previous bit-error rate data by the appropriate sensitive area, we arrive at a normalized error cross-section that takes into account the primary layout differences between these technologies. These normalized error cross-section curves are shown in the lower plot of Fig. 6 . The threshold LET for both shift registers remained the same at about 1 MeV-cm 2 /mg. However, when compared to the 5AM design, the 9HP shift register exhibits an error cross-section that is approximately 10X higher across all ion-strike LETs, which suggests the intrinsic device volume (emitter/base/collector) of the 9HP SiGe HBT is inherently more susceptible to ion strikes. These heavy-ion data provide a confirmation to previous devicelevel, pulsed-laser results that technology scaling may increase device sensitivity to SEE.
IV. 3-D TCAD MODELING
A. Doping and Germanium Content
To provide a deeper understanding of the underlying mechanisms responsible for the observed SEE scaling dependencies under pulsed-laser TPA and heavy-ion broad-beam testing, a 3-D TCAD model deck for a npn SiGe HBT was developed using CFD Research Corporation's NanoTCAD software suite [17] - [20] . Within this simulation framework, the vertical profile (i.e., doping concentrations, base width, and Ge profile, etc.) and lateral profile (i.e., extrinsic device regions) can be modified to assess their impact on device transient response. All ion-strike simulations are assumed to be normal to emitter-center, unless stated otherwise. The ion-track depth was set to 11 μm to ensure sufficient charge deposition throughout all sensitive volumes, as well as provide a similar charge distribution to Nonlinear Optical Beam Propagation Method (NLOBPM) simulations [21] , [22] . Ion-strike transient simulations were performed at a linear energy transfer (LET) of 1 MeV-cm 2 /mg since this ion-strike condition provides the closest match to pulsed-laser TPA results.
In addition to lateral (lithographic) scaling, technology scaling introduces significant changes to the vertical profiles of the SiGe HBT. Advanced processing steps, such as the raised extrinsic base, novel collector architectures, crystallographic rotation, and custom Ge profiles have helped boost the performance of modern SiGe BiCMOS platforms. However, the previous TPA and broad-beam results suggest the intrinsic device volume (emitter/base/collector) is primarily responsible for the heightened sensitivity to single-event effects. Therefore, three SiGe HBT device parameters (peak Ge content, base doping concentration, and doping concentration of the selectivelyimplanted collector) have been selected to assess their impact on the ion-induced transient response. Classically, the polysilicon emitter is degenerately-doped (≈ 10 21 cm -3 ) to enhance current gain and not subject to much change. Therefore, it has been held constant for all device-level simulations. In order to simplify ion-strike simulations and the subsequent discussion, a single npn HBT device model was modified to isolate the impact of that device metric to the overall SEE response. In each case, only the specified parameter was modified, with all other device attributes held constant. Fig. 7 shows the changes in the collector transient waveform across multiple Ge profiles (15% to 29% peak Ge). A standard triangular (ramp) profile was utilized with retrograde into the collector junction to suppress Kirk effect and heterojunction barrier effects [3] . Therefore, an increase in the peak Ge mole fraction will elevate the Ge concentration at the emitter-base junction (enhance current gain) and elevate the Ge grading across the quasi-neutral base (enhance base transit time). From  Fig. 7 , the peak transient magnitude, pulse width (FWHM), and transient duration are shown to monotonically increase with peak Ge content, leading to greater charge collection at the collector terminal. The peak magnitudes (in mA), pulse width and transient duration (in ps) for each ion strike were extracted and overlaid against peak Ge content, resulting in the plot shown in Fig. 8 . Classically, as SiGe BiCMOS processes scale towards smaller lithographic nodes, Ge content is increased to boost the Ge-induced electric field and facilitate faster minority carrier transport across the quasi-neutral base region, thereby increasing f T and f M AX . Therefore, from Fig. 8 it is evident that the Ge content is one of the major driving forces affecting the SEE response of SiGe HBTs, possibly due to greater charge separation from the Ge-induced conduction band bending and elevated electric fields present in the base region. While SEE-induced electrons easily drift between emitter and collector due to these elevated electric fields, the build up of holes in the base region are able to back inject into the emitter, thereby producing a large increase in emitter-to-collector current. This bipolar transient effect may be one factor for the large diffusive component seen in Fig. 3 for the 8HP and 9HP SiGe HBTs. Improving current gain in a traditional Si BJT is accomplished by manipulating the base doping profile. Since the collector current is inversely proportional to the integrated base charge (base Gummel number), it can be improved by reducing the base doping level. However, there are practical performance limitations that restrict the minimum base doping concentration since a reduction in base doping also increases the intrinsic base resistance, resulting in poor high-speed performance and higher device noise. In SiGe HBTs, the base may be doped significantly higher to enhance high-frequency performance while simultaneously maintaining excellent current gain. However, the elevated base doping may have a strong impact on the SEE response. Fig. 9 shows the changes in the collector transient waveform for a variety of base doping concentrations, where elevated base doping drives a reduction in peak transient magnitude and pulse width. This observation is expected since the elevated base doping should reduce the lifetime of minority carriers in the quasi-neutral base, thereby reducing the SEE-induced current seen at the collector terminal. However, it should be noted that the base width was held constant for all ion-strike simulations in order to isolate the impact of base doping concentration on SEE. With standard SiGe BiCMOS technology scaling, the base width is thinned while simultaneously increasing the base doping concentration. Therefore, earlier technologies (i.e., lower base doping) have larger base widths than modern, fourthgeneration devices. A reduction in the neutral base width would reduce the minority carrier recombination, thereby minimizing the large doping-induced effects seen in Fig. 9 .
In order to assess the impact of base doping on overall transient duration, the collector waveforms in Fig. 9 were replotted on a logarithmic y-axis, as shown in Fig. 10 . The negligible impact of base doping on the overall transient duration can be explained through the ion-induced junction dynamics under a forward-active bias. In the forward-active mode of operation, the emitter-base junction is forward-biased (i.e., low electric field) and the collector-base junction is reverse-biased (i.e., large electric field). The large influx of electron/hole pairs immediately after an ion-strike leads to a breakdown of the emitter-base (EB) and collector-base (CB) junctions, and a large increase in transient current due to the "ion-shunt" effect [10] , [23] , [24] . Once these junctions reestablish, the aforementioned buildup of holes in the base and back-injection into the emitter due to the Ge-induced electric field could be driving the extended transient duration. At elevated base doping levels, the electric field at the emitterbase junction is negligibly impacted since it is heavily forwardbiased (V B E = 0.85 V), resulting in a minor change in the EB junction dynamics and a negligible change in the extended transient mechanism.
In addition to the Ge profile and base doping concentration, the doping level of the selectively-implanted collector (SIC) has significant implications on device performance. For highperformance SiGe HBTs, it is common to have multiple phosphorous implants in the intrinsic collector region, resulting in elevated doping concentrations that delay Kirk and barrier effects and thus improve dynamic performance. From Fig. 11 , increased SIC doping appears to slightly reduce the peak transient magnitude, but has minimal impact on the overall transient duration. Since the extended charge sharing between the collector and emitter terminals is attributed to emitterbase junction dynamics, we should expect a weak dependence between the transient waveform and SIC doping. Furthermore, the incremental change in the CB junction's built-in potential and electric field are minimized as the collector doping level approaches the base doping level. These two effects limit the contribution of SIC doping concentration on the SEE response of the SiGe HBT under a forward-active bias.
B. Bulk Trapping Effects
The previous TCAD results have shown the transient response of the SiGe HBT to be dependent on various device parameters, particularly the total Ge content and Ge grading across the neutral base region. However, the previous simulations have failed to capture the extended charge sharing and long emitter-collector diffusion tails observed in Fig. 3 . In previous TCAD simulations, bulk traps within the intrinsic device volume have been largely ignored since they are assumed to have a negligible effect in modern SiGe technologies. Excessive trapping sites within the intrinsic device volume would lead to a significant degradation in device performance, such as the forward Gummel. However, as advanced manufacturing techniques (e.g., novel device architectures, crystallographic rotation, laser annealing, etc.) are incorporated into modern semiconductor process flows, low bulk trap densities can be present in the device structure. In addition, SiGe processlevel effects (e.g., Si-Si or SiGe-induced point defects and interstitial dopant and non-dopant contaminants) can introduce trapping sites within the SiGe HBT sensitive volume, which may modulate the device response under the high current densities and short time durations of a single-event effect. Previous TPA studies on pristine and proton-irradiated AlGaN/GaN transistors have shown that radiation-induced bulk traps (i.e., DDD-induced vacancies) resulted in a dramatic increase in collected charge at the device terminals [25] .
To ascertain the impact of bulk traps on the transient response of SiGe HBTs, a modified 3-D TCAD model was generated using the CFDRC nanoTCAD software suite. The intrinsic/extrinsic device geometry, doping profiles, and Ge content were dc and ac calibrated to a fourth-generation SiGe process. A uniform distribution of bulk traps was included in the neutral base volume since this region has the maximum impact on the extended electron diffusion between the collector and emitter terminals. Preliminary dc simulations were executed across a variety of trap densities, capture crosssections, trap energy levels to determine appropriate values for subsequent ion-strike simulations. Since modern SiGe HBTs exhibit ideal transistor behavior (i.e., ideal forward-Gummel base and collector current), and the observed emitter-collector transient phenomena in Fig. 3 and Fig. 5 occurred under high electron current densities, a low density of donor-type bulk traps was assumed in the 3-D TCAD model. Mid-band trap states were attributed to non-ideal device behavior arising from increased SRH recombination, and high trap densities and capture cross-sections degraded the numerical convergence, even with refinements to the 3-D simulation mesh. Therefore, the trap level (E t ) was set to 0.25 eV below the silicon conduction band, corresponding to a donor-type trap. The trap density (N t ) was fixed at 1 ×10 13 cm -3 and the electron/hole capture crosssections (σ t ) were fixed at 2 × 10 −13 cm 2 and 2 × 10 −15 cm 2 , respectively. Transfer characteristics (forward Gummel) for the modified HBT model as well as a standard, bulk-trap-free model are shown in Fig. 12 , where no degradation in base or collector current is observed for the SiGe HBT with bulk traps.
The collector and emitter transient waveforms for both models under a LET = 1 MeV-cm 2 /mg ion-strike simulation are shown in Fig. 13 . The npn HBT model without bulk traps exhibited a short pulse width and transient duration, similar to the device-level simulations covered in the previous section and in disagreement with the pulsed-laser TPA results. However, the HBT model with bulk traps exhibits an extended diffusive component between the collector and emitter terminals. Therefore, dynamic trapping and de-trapping of minority carriers within the quasi-neutral base may be Simulated collected charge at the collector, base, emitter, and substrate terminals for the npn 3-D NanoTCAD model with bulk traps. driving this extended emitter-collector diffusion mechanism. Furthermore, unlike mid-band trap levels (E t ≈ 0.56 eV), these deep traps do not contribute significantly to generation/recombination (G/R) processes as seen in Fig. 12 by the close match in forward Gummel characteristics between both models.
In Fig. 14 , the collector, emitter, and base transients have been overlaid on a logarithmic time scale in order to assess the impact of bulk traps on transient duration. Since bulk traps in the intrinsic device volume have no impact on the transient phenomena at the subcollector/substrate junction, the substrate components have been removed to improve clarity. From Fig. 14 , the existence of bulk traps in the neutral base region dramatically enhances the charge collection mechanisms between the emitter and collector terminals. Of particular interest is the substantial increase in transient duration (approximately one to two orders of magnitude). The simulated collected charge is shown in Fig. 15 , which agrees with previous TPA results and suggests that bulk traps may contribute extensively to the transient response of silicon-based platforms.
It should be noted that the model results in Fig. 14 do exhibit several discrepancies when compared to experimental results, primarily the elevated emitter transient and reduced base transient magnitudes. All 3-D nanoTCAD simulations were for an unloaded device (i.e., intrinsic device without extrinsic device parasitics or external parasitics associated with the experimental setup), which reduces simulation complexity and improves numerical convergence. In addition, there was some current gain (β) mismatch where the TCAD model exhibited higher gain at elevated current densities.
V. SUMMARY We presented the device-level, pulsed-laser and circuitlevel, heavy-ion broad-beam results for several generations of GlobalFoundries' SiGe BiCMOS process. The SEE sensitivity of these platforms was shown to increase with device scaling, with modern SiGe HBTs exhibiting higher peak transient magnitudes, wider pulse widths (FWHM), and longer transient durations, and therefore elevated collected charge at the output (collector) terminal. In particular, an enhanced emitter-collector diffusive component was observed for thirdgeneration and fourth-generation SiGe HBTs under a forwardactive device bias. 3-D TCAD models demonstrate the strong impact of technology scaling on the ion-induced transient waveform, with increased Ge content driving large changes in the SiGe HBT's SEE response. Low levels of bulk traps in the quasi-neutral base are shown to enhance ion-induced carrier diffusion between the emitter and collector terminals, thereby providing a better match to the observed pulsedlaser transient signatures. While technology scaling may drive strong improvements in device performance, it is pertinent to analyze the potential impact of these changes on the transient response of modern SiGe HBTs, as well as the circuitlevel and/or system-level implications for system applications within radiation-intense environments.
